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Abstract
Expression of the hyaluronan synthase gene in hyaluronan-deficient CHO cells changed the cell morphology from a
spindle shape to a flattened epithelial-type form. Hyaluronan producing CHO cells showed reduced initial cell adhesion,
migration, proliferation and density at contact inhibition, but no difference in random migration determined by the Boyden
chamber assay. Addition of hyaluronan to the medium of CHO cells reduced migration, proliferation and initial cell
adhesion. In contrast, coating the plastic dish with hyaluronan enhanced initial cell adhesion. These results are discussed in
the context of the perplexing properties of hyaluronan on cellular functions. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Hyaluronan is a large glycosaminoglycan that is
widely sequestered in the extracellular matrix and
that is secreted by many cells, especially ¢broblasts.
It plays an active role in regulating cell behaviour
such as random motility, chemotaxis, invasion, pro-
liferation, shape, and metabolic reactions [1]. The
function of hyaluronan on cellular behaviour ap-
peared paradoxical. While hyaluronan synthesis is
increased during cell migration [2,3], mitosis [4] and
tumour invasion [5], other studies demonstrated that
hyaluronan promotes cell adhesion [6,7] and cell-cell
aggregation [8] and reduces the proliferation [9,10]
and expression of the hyaluronan synthase in CHO
cell reduced migration [11]. On the other hand, over-
expression of the hyaluronan synthase in the tumour
cell line HT1080 caused an increase in growth and
tumorigenicity [12]. Deletion of the hyaluronan syn-
thase in mammary carcinoma cells reduced their abil-
ity to metastasize [13]. In order to understand its
role, it was necessary to directly compare the proper-
ties of cells with and without hyaluronan. Inhibition
of hyaluronan synthesis indicated that it was re-
quired for cell detachment in mitosis [4]. However,
the inhibitor for hyaluronan synthesis blocked the
cell cycle irreversibly in mitosis and thus prolifera-
tion and migration could not be studied. Therefore
we have transfected CHO cells that did not synthe-
size hyaluronan with a hyaluronan synthase and
added hyaluronan to CHO cells to study its role on
cell behaviour.
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2. Materials and methods
2.1. Materials
The hyaluronan synthase gene (HAS 1) was kindly
provided by M.J. Briskin (LeukoSite, Cambridge,
MA, USA) within the expression vector pcDNA3
[14]. Other chemicals were obtained from Sigma. Hy-
aluronan solution (10 mg/ml) (Healon) was a gift of
Amersham-Pharmacia.
2.2. Hyaluronan synthase activity
Plasma membranes were prepared as described
[15]. Plasma membranes (50 Wg) were mixed with
an equal volume of the substrate for hyaluronan syn-
thesis that contained 8 WM UDP-[14C]UDP-GlcA,
166 WM UDP-GlcNac, 4 mM dithiothreitol, 20
mM MgCl2 in 50 mM Tris-malonate pH 7.0 and
incubated at 37‡C for various time periods. The plas-
ma membrane and the soluble fractions were sepa-
rated by centrifugation for 5 min at 14 000Ug in an
Eppendorf centrifuge. Hyaluronan synthesis was
stopped by adding a solution of 10% sodium dodecyl
sulphate (SDS) to a ¢nal concentration of 1% to the
soluble fraction and by dissolving the plasma mem-
brane fraction in 1% SDS. The plasma membrane
and the soluble fractions were applied to descending
paper chromatography that was developed with etha-
nol/aq. 1 M ammonium acetate pH 5.5 (13:7) as
solvent. After 18 h the radioactivity of [14C]hyalur-
onan at the origin was determined.
2.3. Expression cloning
Expression cloning was performed as described
previously [16]. Brie£y, CHO cells were seeded into
75 cm2 and cultured for 24 h. Plasmid DNA (30 Wg
in 600 Wl 1 mM Tris-HCl, 0.1 mM EDTA pH 8.0)
was mixed with 750 Wl of 280 mM NaCl, 10 mM
KCl, 1.5 mM Na2HPO4, 12 mM glucose, 50 mM
HEPES, pH 7.05 (2UHBS) and 93 Wl 2 M CaCl2
and incubated at room temperature for 20 min. Cul-
ture medium (7.5 ml) was added and the solution
was transferred to the CHO cells. The cells were in-
cubated at 37‡C for 24 h, washed twice with phos-
phate bu¡ered saline, incubated for 10 s with HBS
bu¡er, 15% glycerol, washed again with phosphate
bu¡ered saline and incubated in culture medium
for 48 h. The cells were subcultured at a dilution
factor of 1/30 in culture medium containing 500 Wg/
ml G418. G418 resistant clones were isolate after
14 days of culture.
2.4. Measurement of cell migration and growth rate
Cell migration was determined by the wound clo-
sure assay in a cell monolayer as described by Eckes
et al. [17]. The cells were seeded at a density of
1U106/35 mm on uncoated culture dishes in minimal
essential medium supplemented with streptomycin/
penicillin (100 units of each per ml), kanamycin
(100 units/ml) and 10% foetal calf serum in the ab-
sence or presence of hyaluronan lyase from Strepto-
myces (90 units/ml) or testicular hyaluronidase (44
units/ml) or in the presence of hyaluronan at di¡er-
ent concentrations. The media were mixed with the
hyaluronan solution to the ¢nal concentrations or
with an equivalent amount of phosphate bu¡ered
saline as controls and slowly rotated at 37‡C over-
night, before the cells were seeded in them. After 1 h
of incubation at 37‡C a scratch was made within the
monolayer with a sterile Pasteur pipette tip. The
same spot was photographed under phase contrast
microscopy at various intervals. The migrated dis-
tance was assessed using 16 measurements per time
point and cell line in four independent experiments.
The growth rate was determined by cell counting
after trypsinization at various times after seeding.
2.5. Random migration assay
Random migration was assayed using a modi¢ed
Boyden chamber equipped with polycarbonate ¢lters
(8 Wm pore size, Corning Costar, Bodenheim, Ger-
many). Cells were suspended in serum-free DMEM
medium (5U105/ml) and seeded into the upper com-
partment of the chamber (total volume 0.7 ml). The
lower compartment contained 0.2 ml of serum-free
DMEM medium. The chambers were incubated at
37‡C for 36 h. Cells attached to the upper side of
the ¢lter were mechanically removed. The ¢lters were
then stained with eosin and thiazine dyes (Dade Di¡-
Quick). Invasion was determined by counting the
cells that had migrated to the lower surface of the
¢lter. Each experiment was performed in triplicate.
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2.6. Measurement of cell adhesion rate
The adhesion assay was a modi¢ed procedure of
Winterbourne [18]. Cells were transferred to 96-well
microtitre dishes at a density of 4U104/well and in-
cubated for various times at 37‡C. Medium was
withdrawn and the cells were washed once with
phosphate bu¡ered saline, ¢xed with 4% formic al-
dehyde in phosphate bu¡ered saline, stained with
0.04% Coomassie brilliant blue R250 in 25% ethanol,
12% acetic acid for 45 min at room temperature,
washed three times with 10% ethanol, 5% acetic
acid and destained with 1 M potassium acetate in
70% ethanol for 45 min at room temperature. The
remaining dye was measured in an ELISA reader at
630 nm with a reference at 490 nm. In one experi-
ment the plastic dish was coated with hyaluronan by
incubating it overnight with a solution of 5 mg/ml of
hyaluronan in phosphate bu¡ered saline at 4‡C. The
hyaluronan solution was discarded and the dishes
were washed with phosphate bu¡ered saline.
3. Results
For the introduction of the hyaluronan synthase
we chose CHO cells, because they had been shown to
lack the synthase [14]. CHO cells were transfected
with a hyaluronan synthase (HAS 1) containing vec-
tor and with vector alone. Ten stable cell lines were
isolated from the hyaluronan synthase containing
transfections of which eight cell lines expressed the
hyaluronan synthase gene. The cell lines containing
vector alone did not contain any measurable syn-
thase activity. The individual cell lines containing
the hyaluronan synthase incorporated 125^365
pmol (mean 300 pmol) of [14C]glucuronic acid into
[14C]hyaluronan per 1 mg of isolated plasma mem-
branes per hour. This level of synthase activity in the
transfected cell lines was comparable to other hya-
luronan synthesizing cell lines such as human skin
¢broblasts or 3T3 cells [19]. The morphology of these
cell lines was altered from an elongated spindle shape
to a more £attened epithelial-type form with larger
Fig. 1. Morphology of untransfected (A) and hyaluronan syn-
thesizing CHO cells (B). Introduction of the hyaluronan syn-
thase into CHO cells changed the morphology from a spindle
shape to a £attened epithelial-type shape. Magni¢cation bar:
50 Wm.
Fig. 2. E¡ect of hyaluronan on proliferation and saturation
density. The cells were seeded onto 2 cm2 plastic dishes and at
the times indicated the number of cells was counted after tryp-
sinization. (A) CHO cells transfected with vector alone (F),
CHO cells transfected with hyaluronan synthase containing vec-
tor (E), hyaluronan synthesizing CHO cells in the presence of
testicular hyaluronidase (a), and in the presence of hyaluronan
at a ¢nal concentration of 2 mg/ml (D). (B) Untransfected
CHO cells were grown for 3 days in the presence of hyaluronan
at the concentrations indicated. The error bars indicate the
S.D. of three independent experiments.
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lamellar regions and vacuoles (Fig. 1). Addition of
hyaluronan to CHO cells in concentrations up to
2 mg/ml did not change their morphology.
The proliferation rate and the density of contact
inhibition of a selected hyaluronan synthesizing
CHO cell line were compared to CHO cell lines
transfected with vector alone (Fig. 2). The generation
times at the exponential growth phase of the cell lines
transfected with vector alone and the untransfected
cell line were similar (data not shown). Di¡erences in
the proliferation rate among the individual hyalur-
onan synthesizing cell lines were not observed. While
the hyaluronan de¢cient cell lines stopped growing at
a density of 3.5U105 cells/cm2, hyaluronan synthesiz-
ing cell lines grew only to a density of 1.7U105 cells/
cm2. Addition of hyaluronan lyase from Streptomy-
ces to the culture of the hyaluronan synthesizing cell
lines did not alter the growth rate and saturation
density. However, testicular hyaluronidase reversed
the growth rate and saturation density of hyaluronan
Fig. 3. E¡ect of hyaluronan expression on migration. Cells were allowed to attach to culture dishes for 90 min. A space was cleared
manually and recolonization of the cleared space was monitored at di¡erent time points. CHO cells transfected with vector alone (A)
and CHO cells transfected with hyaluronan synthase containing vector (B). Magni¢cation bar: 100 Wm.
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synthesizing cells to the level of the untransfected cell
lines (Fig. 2A). The di¡erences in the e⁄ciency of
hyaluronidases were due to di¡erent enzymatic activ-
ities in the culture medium. This was con¢rmed by
treatment of 3H-labelled untransfected and trans-
fected CHO cells in culture medium with the hyalur-
onidases. Testicular hyaluronidase, that acts on
chondroitin sulphate as well as on hyaluronan, re-
leased more radioactivity from transfected CHO cells
than from untransfected CHO cells. In contrast,
Streptomyces hyaluronidase treatment did not show
any di¡erence between the two cell lines (data not
shown).
Addition of hyaluronan to the culture of untrans-
fected CHO cells reduced the proliferation rate in a
concentration dependent manner (Fig. 2B). Because
the concentrated hyaluronan solution (Healon) dis-
solved slowly in the culture medium, it had to be
equilibrated with the growth medium at the ¢nal
concentrations overnight at 37‡C.
The migration behaviour was compared under
conditions which mimic induced movement of cells
by creating a wound in the cell layer. By mechanical
scratching, a space was cleared in the cell monolayer
and movement of the cells was followed over a peri-
od of 48 h. While cell lines transfected with vector
alone completely repopulated the cleared space after
24 h, the hyaluronan synthesizing CHO cell lines
¢lled only half of the space. Di¡erences in the migra-
tion rate among the individual hyaluronan synthesiz-
ing cell lines were not observed. The migration rate
was calculated to be 20 Wm/h for hyaluronan de¢-
cient CHO cells and 8 Wm/h for hyaluronan produc-
ing CHO cells (Fig. 3). Testicular hyaluronidase en-
hanced migration of the hyaluronan synthesizing cell
line to the level of the untransfected cell line. Again,
this e¡ect was not observed with the hyaluronan
lyase from Streptomyces (data not shown). The mi-
gration behaviour was also measured using a random
migration assay in the Boyden chamber. In this assay
the migration of hyaluronan producing cell lines was
indistinguishable from cell lines transfected with vec-
tor alone.
Hyaluronan synthesis also a¡ected the initial ad-
hesion rate to the culture dish. Equal amounts of cell
lines transfected with hyaluronan synthase contain-
ing vector or with vector alone were seeded onto the
culture dish, non-adherent cells were washed o¡ after
various incubation periods and adherent cells were
determined by the amount of protein that remained
on the culture dish. Fig. 4 shows that the hyaluronan
Fig. 4. E¡ect of hyaluronan expression on adhesion. The cells
were seeded onto 2 cm2 plastic dishes and at 10, 20, 30 and 60
min the cell adhesion was determined by measuring the amount
of protein that remained on the dish after washing o¡ non-ad-
herent cells. Solid bars, CHO cells transfected with vector
alone; open bars, CHO cells transfected with hyaluronan syn-
thase containing vector; hatched bars, hyaluronan synthesizing
CHO cells in the presence of testicular hyaluronidase. The error
bars indicate the S.D. of three independent experiments.
Fig. 5. E¡ect of exogenous hyaluronan on adhesion. CHO cells
transfected with vector alone were seeded as described in the
text (solid bars) and at 10, 20, 30 and 60 min the cell adhesion
was determined by measuring the amount of protein that re-
mained on the dish after washing o¡ non-adherent cells. CHO
cells transfected with vector alone were seeded on hyaluronan
coated plastic dishes (open bars). CHO cells transfected with
vector alone were seeded in culture medium containing 2 mg/ml
of hyaluronan (hatched bars).
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synthesizing cells were less adherent by about 40% at
10 and 20 min than hyaluronan de¢cient CHO cells,
but reached the adhesion level of hyaluronan de¢-
cient cells after 30 min. Testicular hyaluronidase
slightly reduced the initial adhesion rate of the hya-
luronan synthesizing cell line at the time points of 30
and 60 min. Hyaluronan de¢cient CHO cells showed
only a low adhesion rate in the presence of 2 mg/ml
hyaluronan (Fig. 5). However, coating the culture
dish with hyaluronan before plating the cells en-
hanced the initial adhesion rate. This e¡ect was
most prominent at the time points of 20 min and
30 min.
4. Discussion
Production of hyaluronan in CHO cells after
transfection with the hyaluronan synthase HAS 1
changed the morphology from a spindle shape to a
£attened epithelial-type shape, and reduced prolifer-
ation and migration using a wound migration assay,
but not in the Boyden chamber assay. Similar obser-
vations were made by Brinck and Heldin [11] for
CHO cells with low levels of hyaluronan synthesis.
In the presence of testicular hyaluronidase the pro-
liferation rate, the saturation density, the migration
rate and the morphology reversed to that of the un-
transfected cell line. This e¡ect was not observed
with the hyaluronan speci¢c lyase from Streptomy-
ces, because it did not release hyaluronan from trans-
fected CHO cells in culture. It has already been
shown earlier that hyaluronidase treatment stimu-
lated ¢broblast proliferation [20]. Also the addition
of hyaluronan to hyaluronan de¢cient CHO cells re-
duced migration, proliferation and cell adhesion.
However, the adhesion on hyaluronan coated dishes
was enhanced.
How can these perplexing results be explained in
the context with other observations that hyaluronan
synthesis was increased in migrating, mitotic and
metastatic cells? On one side, hyaluronan serves as
an adhesive factor to promote cell aggregation or
contact guidance during migration, on the other
side increased hyaluronan synthesis promoted cell
detachment. An explanation for these seemingly con-
tradictory properties could be found in the mecha-
nism of hyaluronan synthesis and shedding. Hyalur-
onan synthesis di¡ers from other polysaccharides in
many aspects. It is elongated by alternate transfer of
UDP-hyaluronan to the substrates UDP-GlcNac and
UDP-GlcA liberating the UDP moiety [21,22]. In
contrast to other extracellular polysaccharides, hya-
luronan is not synthesized in the Golgi, but at plas-
ma membranes and nascent chains are directly ex-
truded into the extracellular matrix [23]. Hydration
and swelling of nascent hyaluronan occur at the site
of synthesis on the cell surface. Many ¢broblasts are
surrounded by a coat of hyaluronan that is lost upon
transformation [24]. Hyaluronan is bound and re-
tained on the cell surface by hyaluronan binding
proteins of which CD44 is most prominent. We
have recently shown that proteolysis of CD44 led
to hyaluronan shedding and activation of the syn-
thase [15]. Thus degradation of the cell surface hya-
luronan binding proteins may result in overproduc-
tion of hyaluronan that swells to enormous volumes
on the cell surface to displace cellular adhesion mol-
ecules. It is thus conceivable that hyaluronan serves
as an additional adhesive component that inhibits
migration and proliferation, when it is retained on
the cell surface by hyaluronan binding proteins. This
explains the e¡ect of hyaluronan on untransformed
CHO cells that are known to express CD44 [25]. In
contrast, most transformed cells produce higher lev-
els of surface proteases that also degrade CD44, re-
sulting in release of surface bound hyaluronan and
stimulation of synthesis. In these cells hyaluronan
serves as a additional detachment factor: hyaluronan
molecules swelling on the cell surface also displace
undegraded adhesive components. It appears that
hyaluronan acts as an ampli¢er of both active and
inactive cell surface proteases.
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